Although beech stands are usually regenerated naturally, an area of up to 5,000 ha year -1 is artificially regenerated by beech in the Czech Republic annually. Unfortunately, these stands often showed insufficient stand density and, consequently, lower quality of stems. Therefore, thinning methods developed for naturally regenerated beech stands are applicable with difficulties. The paper evaluates the data from two thinning experiments established in young artificially regenerated beech stands located in different growing conditions. In both experiments, thinning resulted in the lower amount of salvage cut in following years. Positive effect of thinning on periodic stand basal area increment and on periodic diameter increment of dominant trees was found in the beech stand located at middle elevations. On the other hand, thinning effects in mountain conditions were negligible. Thinning focusing on future stand quality cannot be commonly applied in artificially regenerated beech stands because of their worse initial quality and lower density. However, these stands show good growth and response to thinning, hence their management can be focused on maximising beech wood production.
introduction
European beech (Fagus sylvatica L.) is the main tree species in the frame of determined natural species composition in the Czech Republic (Plíva 2000) . Originally, beech covered more than 40% of forest land. Nowadays, beech is still the main broadleaved tree species in Czech forests, but it represents only 7.8%, i.e. ca 202.6 thousand hectares of the reduced area. Beech was substituted mostly by Norway spruce (Picea abies [L.] Karst.). Similar situation is evident in other countries of central Europe.
According to European trends of spruce stand conversion at sites naturally dominated by broadleaves (Spiecker et al. 2004) , gradual increase of beech share is expected in the Czech Republic up to recommended 18% (MZe 2013) .
Beech stands are usually regenerated naturally because of several advantages, e.g. guarantee of the genetic origin, exclusion of root and stem deformation and, first of all, procuration of adequate stand density. Artificial regeneration especially on clear-cuts can result in lower quality of beech stands (Bednář & Černý 2014) and also in possibly drastic changes in the genetic structure of beech forests (Finkeldey & Ziehe 2004) . However, natural regeneration is not applicable at all sites, where beech is planned in the target tree species composition. This relates mainly to the return of beech (within reconstruction) at sites originally naturally dominated by this species but historically planted by spruce. At such places, the importance of artificial regeneration of beech is apparent.
In the last decade, from 3.4 to 4.9 thousand hectares per year were artificially regenerated by beech in the Czech Republic (MZe 2013). Therefore, the area of artificially regenerated beech stands is significant and these stands will need appropriate silvicultural measures -thinning. Beech stands can be influenced by thinning from the point of production parameters (e.g. Abetz & Ohnenus 1999; Tarp et al. 2000; Bastien et al. 2005; Boncina et al. 2007; Hein et al. 2007; Štefančík 2013a ) but also in the frame of other forest services. Thinning in beech stands is important for the cycles of carbon (Borys et al. 2013 ) and nitrogen (Nahm et al. 2006; Dannenmann et al. 2007a) , and also climate (Le Goff & Ottorini 1993; Cescatti & Piutti 1998; Barna 2000 Barna , 2001 Lemoine et al. 2002; Dannenmann et al. 2007b; Štefančík 2008 ). The positive effect of thinning on beech stands (higher increment, longer growth period compared to unthinned stands) under the climate change was confirmed by van der Maaten (2013) .
The knowledge of thinning effects on European beech stands is relatively wide, but in most cases it was gathered from naturally regenerated beech stands. Additionally, experiments usually started in nearly mature stands, i.e. first thinning was realised after the age of 40 years (e.g. Utschig & Küsters 2003; Pretzsch 2005; Prka & Krpan 2010; Štefančík 2013a , 2014 . Only several studies focused on younger beech stands (Mráček 1989; Le Goff & Ottorini 1993; Skovsgaard et al. 2006; Štefančík 2009 , 2013b , 2015 Štefančík et al. 2014; Yücesan et al. 2015) .
As it was mentioned, forest practitioners can use a wide spectrum of recommendations from naturally regenerated beech stands, in which thinning started in the second half of the rotation period. Knowledge from younger and artificially regenerated stands is still insufficient.
Therefore, the aim of the presented work was to evaluate the results from two thinning experiments established in young beech stands growing under different site conditions. The analysis focused on the meaningfulness of thinning in young artificially regenerated beech stands from the point of growth and production. We hypothesized that the thinning in low-quality stands would at least support the quantity of production.
Methods

Study area
Long-term thinning experiments in artificially regenerated beech stands are not very frequent in the Czech Republic. From the experimental base managed by the Forestry and Game Management Research Institute, only two series established in different site conditions were applicable for this analysis (Table 1) : Destne in Natural forest region (NFR) 25 -Orlicke hory Mts. (Eastern Bohemia) and Roblin in NFR 8b -Cesky kras (Central Bohemia).
Destne series is located at an elevation of 890 m on WSWfacing slope (16°) on the transition from hyperdystric sceletic cambisol to entic sceletic podzol on mica schist to gneiss bedrock. Mean annual temperature (1961 Mean annual temperature ( -2000 is 3.6 -4.0°C, mean annual sum of precipitation is 1,251 -1,300 mm for the same period.
Roblin series is located at an elevation of 345 m on NWfacing slope (5.5°) on leptosol on limestone bedrock. Mean annual temperature is 8.6 -9.0°C, mean annual sum of precipitation is 551 -600 mm for the same period. According to Viewegh et al. (2003) .
Experiments
The effect of thinning on growth and development of young beech stands was observed at both above mentioned series. Tree stem quality of all artificially planted stands was moderate or poor (due to relatively high number of forked and "wolf" trees, Fig. 1 ). The stem quality was evaluated only at the start of the experiments using the following scale: 1 -a straight stem, 2 -a forked stem or a stem with oneside crookedness, 3 -a stem with two-sides crookedness or a "wolf" tree. ). Scale: 1 -straight stem, 2 -forked stem or stem with one-side crookedness, 3 -stem with two-side crookedness or "wolf" tree.
The series of Destne was established in 1996 as a part of a long-term experimental stationer (Kantor 1981) . The stands were planted in spring 1982 with the initial density of about 10 thousand trees per ha. In 1996 (stand age of 15 years), four comparative plots were established, each with an area of 0.09 ha. Plot C is a control plot, from which only dead, dry and broken trees were removed during the observation period. The first thinning (positive selection) at plot T1 was performed at the age of 15 years (1996) . One or two neighbours of "promising" trees were removed from above to release the "promising" trees. These trees were selected from the main canopy if they had relatively straight stems and regular crowns, and were marked at density of 500 individuals per hectare. However, due to the above mentioned poor stand quality, the criteria for their selection were milder compared to classic positive selection in high quality beech stands (e.g. Štefančík 1973 ). Next management interventions were applied at the age of 28 years (2009). One and two neighbours of "promising" trees were removed from above at plots T1 (second thinning with positive selection) and T3 (first thinning with positive selection), respectively. Negative selection from above (i.e. forked and wolf trees removed) was performed at T2 plot.
The series of Roblin was established in 1999 from a former experiment with plantation density initiated in 1971 (Mráček 1989) . The stands with their initial densities from 4.4 to 13.3 thousand beeches were thinned to 50% density (i.e. mean density of 5.5 thousand trees ha -1 ) after ten years. Two comparative plots (0.2 ha each) were established in Roblin with different initial plantation density.
Plot C is a control plot, i.e. only dead and broken trees were removed during the observation period. The first thinning was performed at plot T at the age of 28 years as negative selection from above (forked and wolf trees removed). The second thinning, focused again on negative selection from above, was realised at the age of 33 years (2004).
Data collection and analysis
Diameter at breast height (all trees) and height (30 representatives per plot according to diameter structure) were measured annually. Mortality (dead, dry and broken trees) and stem quality were also evaluated. The presented paper is focused on the development of stand density (N), diameter at breast height (DBH), diameter distribution and basal area (G) from the beginning of the experiment to the age of 33 (Destne) and 42 (Roblin) years. The mean stem diameter was calculated as mean quadratic diameter; the mean diameter of dominant trees was calculated from 200 thickest trees ha -1 . We used 25 and 75% percentiles for the representation of data variability for "promising" and "dominant" trees. Due to the design of experiments (plots are not replicated), the results were evaluated without statistical inferential methods.
results
Stand density and basal area
The stand density (N) in Destne experiment was from 8.4 to 9.2 thousand trees per ha at the age of 15 years ( Table 2 ). The corresponding basal area (G) was from 4.5 to 5.9 m 2 ha -1
. At that age, about 14% of N (i.e. 22% of G) was removed by the first thinning at plot T1. The following thinning was realised at the age of 28 years, when 14%, 15% and 20% of N (i.e. 10%, 14% and 23 % of G) was removed from plots T1, T2 and T3, respectively. At the end of the observation period (age of 33 years), the density of the stands ranged from 2.5 to 3.1 thousand trees ha -1 , and their basal area from 23.3 to 27.6 m 2 ha -1 . Totally, from 5.8 to 6.2 thousand trees ha -1 were removed from the stands by thinning or salvage cutting during the period of observation. The salvage cuts (dead, dry and broken trees together) represented 70%, 90%, 85% and 100% of the total number of removed trees from plots T1, T2, T3 and C, respectively.
The periodic basal area increment (thinning and salvage cuts included) was from 27 to 31 m 2 ha -1 during the period of observation (higher -30 and 31 m 2 -at plots C and T3, and lower -27 m 2 -at plots T1 and T2). The highest share (28%) of salvage cuts on periodic G increment was found at the control plot, while this share was lower at the thinned plots (20, 24 and 18% on T1, T2 and T3).
The thinning at Roblin experiment started later compared to Destne. At the age of 28 years, the density of stands was 2.6 and 2.2 thousand trees ha -1 at plots C (control) and T (thinned), respectively. The corresponding basal area (G) was 26.7 and 24.6 m 2 ha -1 (Table 2) . At the given age, 20% of N (26% of G) was removed by the first thinning. The second thinning was performed 5 years later (at the age of 33 years), when 18% of N (14% G) was removed. At the end of the observation period (age of 42 years), the stand density ranged from 1.2 (plot T) to 1.8 (plot C) thousand trees ha . In total, 905 (plot T) and 825 (plot C) trees ha -1 were removed from the stands by thinning or salvage cutting during the period of observation. The salvage cuts (dead, dry and broken trees together) represented 70% and 100% of the total number of removed trees from plots T and C, respectively. The periodic basal area increment (thinning and salvage cuts included) was higher at the thinned plot (13.9 m 2 ha -1 ) BT -before thinning, T -thinning, AT -after thinning, C -control plot, T -thinned plot, see Methods for more explanation.
compared to the control plot (12.7 m 2 ha -1 ). On the other hand, the share of the salvage cut on periodic G increment was higher at the control plot (35%) compared to the thinned plot (only 9%).
Diameter structure
At the age of 15 years, diameter classes from 2 to 6 cm represented practically the whole diameter distribution at all observed plots in the experiment of Destne (Fig. 2) . Prior to the second thinning at plot T1 (and the first thinning at plots T2 and T3), i.e. at the age of 28 years, we found a wider range of diameter distribution from 2 to 20 cm. Trees with diameter 14 cm and more represented 11%, 9%, 10% and 8% at plots T1, T2, T3 and C, respectively.
At the end of the observation period (age of 33 years), the diameter distribution spread towards thickest trees (Fig.  3) . We found that the number of trees ha -1 with diameter Fig. 2 . Diameter structure of beech stands with presentation of thinning (T) at the age of 15 (above) and 28 (below) years in the experiment of Destne (T1, T2 and T3 -thinned plots, C -control plot, see Methods for more explanations). 14 cm and more was 678 (27% of stand density at the plot), 556 (22%), 578 (20%) and 733 (23%) at plots T1, T2, T3 and C, respectively. At the older experiment of Roblin, the diameters varied from 3 to 24 cm prior to the thinning at the age of 28 years (Fig. 4) . Before the second thinning, i.e. at the age of 33 years, we found the diameters from 3 to 30 cm. Trees with diameter 21 and more cm represented 7 (plot T) and 8% (plot C) of the total number of trees.
At the end of the observation period (age of 42 years), the highest diameter class was 36 cm at both observed plots (Fig. 5) . A higher number of thickest trees (with diameter 21 and more cm) was observed at the control plot (355 trees ha -1 , i.e. 20% of stand density) compared to the thinned plot (335 trees ha -1 , 28%). 
Diameter of promising/dominant trees
In the experiment of Destne, we evaluated the development of DBH of "promising" trees, i.e. trees which were intentionally supported by thinning (one or two of their neighbours were removed from the canopy level). The initial mean diameter of promising trees was 4.9, 4.5, 4.3 and 4.3 at plots T1, T2, T3 and C, respectively (Fig. 6) . At the end of the observation period, mean diameters for these trees at the thinned plots were 14.5 (plot T2), 14.7 (T3) and 15.3 (T1) cm. The lowest mean diameter (13.6 cm) was found at the control unthinned plot C. More relevant comparison can be performed by evaluating periodic diameter increment. During the observation period (age of 15-33 years), diameter increment reached 10.0 (plot T2) and 10.4 cm (plot T1 and T3) at the thinned plots, while it was only 9.3 cm at the control plot.
In the experiment of Roblin, the development of DBH was evaluated for "dominant" (200 thickest individuals per hectare) trees because of the applied thinning strategy (very low quality of stands). The initial mean diameter for this group of trees was the same (18.4 cm) at both plots before thinning (age of 28 years). The thinning removed the trees of low quality (plot T) resulting in the decrease of mean diameter of dominant trees to a value of 17.1 cm (Fig. 7) .
After the second thinning (at the age of 33 years) this decrease was very small, i.e. from 20.2 to 20.0 cm. The mean diameter of dominant trees at the control plot was 20.9 cm at that age. The differences between the plots continually decreased in the following years and the values practically equalled at the age of 36 years. Six years later (at the end of the observation period), mean diameter of dominant trees at the thinned plot was greater by about 0.5 cm (25.1 cm) compared to the control plot (24.6 cm). The periodic diameter increment was noticeably higher at the thinned plot (8.0 cm) compared to the control unthinned plot (6.2 cm) during the observation period (age of 28-42 years).
discussion
From the results observed in naturally regenerated beech stands (Štefančík 1984 , 2013a Štefančík & Bošela 2014; Štefančík et al. 2014) it is clear that thinning based on negative selection from below resulted in better quantity of production. According to today's tending targets, early, and more or less heavy crown thinning is also recommended by Spellmann & Nagel (1996) for beech stands. Additionally, shelterwood system of natural regeneration was found the best from the perspective of future stand quality (Bednář & Černý 2014) .
Artificially regenerated beech stands are usually characterised by insufficient density and consequently low quality (Štefančík 2009 ). This phenomenon can be shown by comparing our results with the data from naturally regenerated stands (Štefančík 2013b) . These stands had a higher density (4.2-4.5 thousand trees ha -1 prior to the thinning at the age of 36 years) compared to our experiments in Roblin (1.3-1.9 thousand trees ha -1 at the age of 36 years) and Destne (2.5-3.1 thousand trees ha -1 at the age of 33 years). On the other hand, the values of stand basal area were comparable: 27-29 m 2 ha -1 (Štefančík 2013b ) and 23-30 m 2 ha -1 (our experiments). Similar results were found in beech stands artificially regenerated on former agricultural land (Štefančík 2009 ) -density 1.5-2.0 thousand trees ha -1 and basal area 28-30 m 2 ha -1 at the age of 40 years. It means that stands from artificial regeneration are usually less dense but their mean DBH is greater compared to naturally regenerated stands at the same age. In addition, if stands from artificial regeneration are of low quality (as in our experimental stands), it is better to focus on the quantity of production.
This recommendation is in accordance with older results (Mráček 1989) . To ensure sufficient quality, an initial density of 10-12 thousand trees ha -1 is recommended for artificial regeneration. On the other hand, about 8 thousand trees ha -1 is recommended for planting on sites originally planned for maximising production or in the case when planting material is only of average genetic quality.
The comparison with growth tables confirmed relatively good quantity of production in our stands (Černý et al. 1996) . Although our experiments are situated at various growing conditions (Roblin -middle elevation, Destne -mountains), the values of basal area ranged between the tabular values for site index +1 (36) and 5 (26).
The thinning effect in artificially regenerated beech stands was observed by Yücesan et al. (2015) . The removal of 40% of basal area in 18-year-old stands of Fagus orientalis resulted in significant increase of DBH in the following years. On the other hand, the removal of 19% of basal area promoted diameter increment only marginally. Similarly, Tufekcioglu et al. (2005) found higher (about 17% compared to control) periodic basal area increment three years after thinning in the heavily thinned (37% of G was removed) stand of Fagus orientalis. It corresponds with our experiments, especially in the mountain locality of Destne, where 10-23% of basal area was removed and the effect of thinning on basal area increment was unclear. In contrast, higher thinning intensity (26% of basal area removed) at middle elevation in the experiment of Roblin resulted in the increase of the periodic basal area increment compared to the unthinned control plot. Similar results were published by Boncina et al. (2007) , who found that despite a lower stand density after thinning, the annual basal area increments of thinned naturally regenerated beech stands were around 20% higher compared to those of the control (unthinned) stands.
The main effect of thinning in our experiments was the lower amount of salvage cut in thinned plots compared to controls during the observation period. In contrast, diameter distribution was still relatively wide (i.e. important amount of thin trees was reserved) at the end of the observation at all plots of both experiments. Low thinning intensity is the probable reason of this result. In the case of higher (40% of basal area removed) thinning intensity (Yücesan et al. 2015) , former rich diameter structure of beech stands was equalised.
The support of diameter increment of dominant trees by thinning was clear only in the experiment of Roblin, which is situated in better growing conditions compared to the mountain experiment of Destne. It corresponds with the analyses published by Pretzsch (2005) , who found that beech (contrary to spruce) reacts most positively to thinning under rich site conditions and with increment reduction at unfavourable sites. Higher (by about 30-56%) mean annual basal area increment of dominant trees at thinned plots compared to control plots was found also by Boncina et al. (2007) .
Different thinning regimes, growing conditions and a relatively short observation period of our experiments does not allow us to make a general thinning recommendation for forest practice in artificially regenerated beech stands. From the production point of view, some results can be used from longterm studies in naturally regenerated stands (Štefančík 2005, 2013b, 2014) . After more than 50-year-long observation it was found that from the perspective of production quantity (total production according to merchantable volume), the best results were almost in all cases obtained at the plots with heavy thinning from below, followed by the free crown thinning. The control plot showed the worst parameters.
conclusion
On the base of the results from the two thinning experiments in young artificially regenerated beech stands we can conclude: -Relatively good quantity of production (by basal area) of our stands was confirmed by the comparison with growth tables, although our experiments were situated at various growing conditions. -Thinning resulted in lower amount of salvage cut in following years. -The effect of thinning on periodic stand basal area increment and on periodic diameter increment of dominant trees was found in beech stands located in middle elevation. -In mountain conditions, thinning effects on periodic stand basal area increment and on periodic diameter increment of promising trees were negligible. Our hypothesis that thinning in low-quality stands will at least promote the quantity of production was confirmed only in the case of beech stands in middle elevation (higher periodic basal area increment and support of diameter growth of dominant trees). On the other hand, in mountain conditions similar thinning effects (with the exception of lower amount of salvage cut) were not found.
Thinning focused on support of future stand quality cannot be commonly applied in artificially regenerated beech stands because of their worse initial quality and density. On the other hand, these stands show good growth and response to thinning. Thus, forest managers can plan thinning focused on quantity of beech wood production.
To confirm the presented trends we recommend to establish related replicated experiments focused on thinning in artificially regenerated beech stands because up to 5 thousand hectares of these stands are annually planted in the Czech Republic. 
